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Laser cooling of a trapped two-component Fermi gas
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We study the collective Raman cooling of a trapped two-component Fermi gas using quantum
master equation in the festina lente regime, where the heating due to photon reabsorption can be
neglected. The Monte Carlo simulations show, that 3D temperatures of the order of 0.008 TF can
be achieved. We analyze the heating related to background losses, and show that our laser-cooling
scheme can maintain the temperature of the gas without significant additional losses.
PACS numbers: 32.80Pj, 03.75.Fi, 42.50.Vk
The realization of Bose-Einstein condensation (BEC)
[1] and degenerated Fermi gases [2] has outbursted the
interest in the physics of ultracold bosonic and fermionic
gases. A Fermi gas with attractive interactions under-
goes for temperatures T below a critical one, Tc, a transi-
tion into the superfluid Bardeen-Cooper-Schrieffer (BCS)
phase [3]. The accomplishment of BCS and its possible
detection have been considered in detail (see e.g. Refs.
[4]). Unfortunately, evaporative cooling currently em-
ployed in experiments is based on collisional processes,
and has not yet allowed to reach T < Tc, since Tc is
much smaller than the Fermi temperature TF , and for
T < TF the collisions are strongly suppressed due to
Pauli blocking [5]. Recently, however, it has been pro-
posed that Tc may be significantly increased by employ-
ing Feshbach resonances [6], or optical lattices [7]. This
opens the possibility to achieve BCS at a temperature
where the collisions are still efficient enough.
In this Rapid Communication we study the laser cool-
ing of a two-component Fermi gas in the festina lente
(FL) regime [8], where the spontaneous emission rate γ
is smaller than the trap frequency ω. In this regime the
heating due to photon reabsorption is prevented, as re-
cently observed for tightly bound atoms in optical lat-
tices [9]. The laser cooling in the FL regime has been
already predicted to work for bosons [10] and for polar-
ized fermions [11]. By using Monte Carlo simulations,
we show here that laser cooling allows for bringing a two
component Fermi system to T ≪ TF .
The laser cooling of fermions toward T ≪ TF is obsta-
cled by several problems. One of them is the inhibition
of spontaneous emission, which results in the decrease
of the cooling efficiency. In Ref. [11] we have predicted
that the inhibition problem can be overcome by either
dynamically adjusting the spontaneous emission rate in
a Raman cooling process, or by employing specially de-
signed anharmonic traps. In this paper we apply the for-
mer solution. Another obstacle is related to the inelastic
losses that create holes deeply in the Fermi sea, produc-
ing a significant heating. We show that background col-
lisions do not affect significantly the laser cooling. In
fact, our cooling method can be employed to maintain a
two-component Fermi gas at a fixed T , for a relatively
long time in a trap. Finally, we derive an analytic for-
mula that describes the heating of the trapped gas due
to background collisions. The heating is shown to be
smaller than in the homogeneous case.
We consider fermionic atoms with an accessible elec-
tronic three-level Λ scheme, containing states |g〉, |e〉 and
|r〉. The ground state |g〉 is coupled via a Raman transi-
tion to the metastable state |e〉. The latter state is also
coupled by an optical transition to the upper state |r〉,
from which atoms rapidly decay into |g〉. The adiabatic
elimination of |r〉, leads to an effective two-level system,
characterized by tunable parameters: Rabi frequency Ω,
and spontaneous emission rate γ. The value of γ can be
controlled by modifying the coupling from |e〉 to |r〉.
The atoms are placed in a dipole trap characterized by
a Lamb-Dicke parameter η = 2πa/λ, with a =
√
~/2mω
being the size of the ground state of the trap, and λ
the laser wavelength. A dipole trap was recently used
for the all-optical production of a degenerate gas of two
Li species [12], and in current experiments in Mg [13].
We consider a spherically symmetric trap with incomen-
surable frequencies ωg and ωe, for the ground and the
excited state respectively. The latter assumption simpli-
fies the dynamics of the spontaneous emission processes
in the FL limit. The cooling process consists of sequences
of Raman pulses of frequencies, adjusted in such a way
that they induce the transition of atoms to the lower
motional states of the trap. We assume that the power
of cooling lasers is sufficiently weak, and therefore dur-
ing each pulse no significant population in |e〉 is present.
This allows to eliminate adiabatically the level |e〉, and
to consider only the density matrix ρ(t) for the atoms in
|g〉, and being diagonal in the Fock representation corre-
sponding to the bare trap levels.
We assume that the laser acts only on one component,
whereas the other one is cooled sympathetically, which is
sufficient to reach T ≪ TF . Using the standard theory
of quantum-stochastic processes [14, 15] we derive the
quantum master equation (ME) for the density matrix
ρ(t) in a similar way as that for bosons [10]:
ρ˙(t) = L0ρ+ L1ρ+ L2ρ, (1)
where L0ρ = −iHˆeffρ(t) + iρ(t)Hˆ
†
eff + J ρ(t), L1ρ =
2−i[Hˆlas, ρ(t)], L2ρ = −i[Hˆcoll, ρ(t)]. The first term in
the ME (1) describes the evolution of the atoms in the
vacuum of the electromagnetic field. The effective non-
Hermitian Hamiltonian Heff is defined as
Hˆeff =
∑
m
ωgmg
†
mgm +
∑
l
(ωel − δ)e
†
l el +
+
∑
n
ωbnb
†
nbn − i
γ
2
∑
l,m
ξ lme
†
l gmg
†
mel, (2)
and the so-called jump super-operator J is given by
J ρ(t) =
∑
l,m
ξ lmg
†
melρ(t)e
†
l gm. (3)
Here gm (el) is the annihilation operator of atoms of
the first component, in the ground (excited) state, and
in the trap level m (l). The annihilation operator of
atoms of the second component, and in the trap level
n, is denoted by bn. These operators fulfill the stan-
dard fermionic anticommutation relations: {gm, g
†
n} =
{em, e
†
n} = {bm, b
†
n} = δm,n. In Eq. (2) γ denotes
the single-atom effective spontaneous emission rate, ωgm,
ωem, ω
b
m are the energies of state m of the trap: |g〉,
|e〉, |b〉 respectively, and δ is the laser detuning from the
atomic transition. The coefficients ξ lm are defined as
follows ξ lm =
∫ 2π
0
dφ
∫ π
0
dθ sin θW(θ, φ)|η lm(~k)|
2, where
W(θ, φ) is the fluorescence dipole pattern, and η lm(~k) =
〈e, l|ei
~k·~r|g,m〉 the Frank-Condon factors.
The interaction of the laser light with the atoms is
governed by the Hamiltonian Hˆlas:
Hˆlas =
Ω
2
∑
l,m
η lm(~kL)e
†
l gm +H.c., (4)
where Ω is the Rabi frequency and ~kL is the wavevector
of the cooling laser. Binary collisions are described by
Hˆcoll =
∑
m,n,q,p
Um,n,q,p g
†
mgnb
†
qbp, (5)
where due to Fermi statistics only collisions between
different species are allowed. We neglect the col-
lisions with the atoms in |e〉, since only a small
fraction of atoms is excited in each pulse. The
collisional amplitudes are defined as Um,n,q,p =
(4π~asc/m)
∫
R3 d
3xφ∗m(x)φn(x)β
∗
q(x)βp(x), where φn
(βn) denotes the wavefunction of the state n in the |g〉,
(|b〉) trap, and asc is the scattering length.
We require the FL condition γ < ω at least in the ini-
tial phase of the cooling process, and also assume that
Ω < γ and Ω2/γ ≪ ω, which allows for the adiabatic
elimination of |e〉, performed by means of projection op-
erator techniques [14]. For weak interactions between the
two species, the dynamics due to the collisions and the
dynamics due to the laser-cooling are independent [16].
The laser cooling may be described by the ME without
the collisional part, whereas the collisional part takes the
form of a quantum Boltzmann master equation (QBME)
[17]. The probability of a laser-induced transition from
state m to state n of the trap |g〉 is given by
P optm→n =
Ω2
γ
N1m(1−N
1
n)×
×
∑
l
γ2ξln|η lm(~kL)|
2
4[δ − (ωel − ω
g
m)]2 + γ2Rml
2
, (6)
where Rml =
∑
n ξ ln(1−N
1
n+δn,m) are the factors mod-
ifying the spontaneous emission rate in a Fermi gas, and
N1m and N
2
m denotes the number of atoms occupying the
statem of the trap |g〉 and |b〉, respectively. In the regime
of quantum degeneracy, coefficients Rml vanish, inhibit-
ing the spontaneous emission and forcing the atoms to
remain excited for a long time. This prolongs the cool-
ing process, and can result in excited-ground collisions,
which lead to heating and losses. In addition, the adia-
batic elimination used in the derivation of Eq. (6) ceases
to be valid. The cooling efficiency is also decreased due
to the fermionic inhibition factor (1−Nn) in the numera-
tor of (6). The negative influence of the statistics can be
overcome by dynamically increasing γ during the Raman
cooling [11], in order to avoid the inhibition effects, but
still remaining in the FL regime: γRml < ω. Still, a small
fraction of the atoms will remain in the excited state af-
ter the cooling pulses, and has to be removed from the
trap in order to avoid inelastic collisions. The latter aim
can be achieved by optically pumping the excited atoms
to a third non-trapped level.
The probability of a collision between two fermions of
different species, from the states n and p to the states m
and q, respectively, is given by
P colln,p→m,q =
π
ω
N1nN
2
p(1−N
1
m)(1−N
2
q)×
× |Um,n,q,p|
2 δEn+Ep,Em+Eq . (7)
The fermionic inhibition factors (1 − N1m) also slow the
collisional processes.
In our simulations we assumed the atoms as con-
fined in an isotropic, 3D harmonic trap with frequency
ω = ωg = ωe = ωb. Due to the limitations when sim-
ulating relatively large systems (N ∼ 104), we employ
ergodic approximation, i.e. we assume that the popula-
tions of the states with the same energy are equal. This
approximation relies on the fact that thermalization in-
side the same energy shell is much faster than between
different energy shells. In addition we assume that the
collisional processes is much faster than the laser cool-
ing. The detailed calculation of the transition probabil-
ities within ergodic approximation is presented in Ref.
[18]. Due to numerical limitations we assumed η = 2,
which could be e.g. the case of potassium atoms in a
dipole trap with ω = 2π × 2.4 kHz (employed in Li ex-
periments [12]), and a laser wavelength λ ≃ 720 nm.
We consider a scattering length for the interactions be-
tween the two species asc = 157a0, where a0 is the Bohr
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FIG. 1: Time-dependence of the temperatures of the two
components (darker and lighter curves) during the cooling
by controlling the effective spontaneous emission rate. Inset:
time dependence of the number of atoms. The losses are due
to background collisions and the removal of long-living excited
atoms. For details, see text.
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FIG. 2: Evolution of a degenerate two-component Fermi gas
after the cooling process, in the presence of background colli-
sions with a rate γbg = 350 Hz. The temperatures of the two
components are plotted (darker and lighter curves).
radius. This value corresponds to the interactions be-
tween |F = 9/2,mF = 9/2〉 and |F = 9/2,mF = 7/2〉 of
40K [21]. The trap is assumed to have the same depth
for both species, and contains 81 energy levels (91881
states). We assume both components to have equal ini-
tial number of atoms, N = 10660, corresponding to a
Fermi energy EF = 38~ω. For this relatively large num-
ber of atoms, the dynamics generated by the collisional
part of the ME equation leads to an equilibrium distri-
bution, which agrees very well with the one calculated
from the grand canonical ensemble [18]. Hence we start
the simulations from a thermal distribution.
In a Fermi gas the main loss sources are provided by
background collisions, resulting from non ideal vacuum
conditions, and photoassociation. The photoassociation
losses (when the laser is tuned between molecular reso-
nances) are typically of the order of 10−14cm3/s for laser
intensities of 1mW/cm2 [20]. In our case the applied
laser intensities are typically 1000 times smaller and we
estimate that for N = 10660 atoms, the atomic density
is smaller than 3.5 × 1014cm−3. Therefore the photoas-
sociation losses can be safely neglected. On the contrary,
the background collision apart from decreasing the num-
ber of atoms, generate holes deep within the Fermi sea.
Those holes, after subsequent thermalization, may lead
to a significant heating [19]. We have assumed that back-
ground losses depopulate each state of the trap with the
rate γbg, which is independent of the energy of the state
N˙ jn = −γbgN
j
n, (8)
where j = 1, 2 enumerates the components. In the sim-
ulations we assume γbg = 1/350 Hz [5]. We include also
in the simulations the losses produced by the removal of
long-living excited atoms at the end of each cooling pulse.
Fig. 1 shows the evolution of the temperature of
the laser-cooled two-component Fermi gas. Initially
we consider T0 = TF . The cooling process was di-
vided into four stages, each one consisting of a se-
quence of two Raman pulses. The employed pulses
are characterized by the following parameters: detuning
δ/ω = {(−11,−12), (−16,−17), (−19,−20),(−25,−26)}
respectively, Rabi frequency Ω/γ = {(0.113, 0.113),
(0.008, 0.012), (0.0025, 0.004),(0.003, 0.01)} respectively,
and length ∆t/ω−1 = {(250, 250), (2000, 2000),
(4000, 4000),(4000, 6500)} respectively. For these param-
eters not more than 10% of the atoms is excited during
each pulse, and thus the conditions of the adiabatic elim-
ination are fulfilled. The temperature was determined by
fitting the calculated distribution of fermions to a ther-
mal distribution. As one can observe, a final temperature
T ≃ 0.008TF may be reached within 8 s. The losses asso-
ciated with the cooling process do not exceed 2% and are
slightly larger for the laser-cooled component, due to the
removal of the long-living excited atoms (inset of Fig. 1).
We have analyzed the effect of the losses on the laser-
cooled gas. To this aim we have considered an initial gas
at T = 0.008TF (end of the cooling process in Fig. 1), and
compared two different cases: (i) the laser is turned off,
and the gas is heated due to the background collisions,
(ii) the laser is turned on, and the cooling pulses of the
last stage are continuously applied. Fig. 2 presents the
evolution of the temperature of both species for these
two cases. As observed, the laser cooling compensates
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FIG. 3: Heating of the degenerate two-component Fermi gas
due to background collisions with a rate γbg = 10 Hz. The
plot shows the temperature of the two components obtained
in the simulation (darker and lighter thin solid curves), the
analytic result of Ref. [19] calculated for a homogeneous sys-
tem (thick solid line), and the data calculated from Equation
(9) (thick dashed line).
4for the heating induced by the creation of holes in the
degenerate distribution. Hence, it helps to maintain the
degenerate gas for a relatively long time in the trap. We
have verified that the continuous application of the laser
cooling does not lead to substantially larger losses.
Finally, we have analyzed the results for the heating
due to background collisions with the help of an ana-
lytical model. For the background losses that decrease
the population of the trap levels in the way described
by Eq. (8), one can calculate the evolution of the tem-
perature analytically [19]. To this end, it is sufficient to
observe that the Eq. (8) do not change the mean en-
ergy per particle ε, which has to remain constant in the
absence of cooling: ε
(
N(t), T (t)
)
= const. At low tem-
peratures T˜ = T/TF ≪ 1, the mean energy per particle
in a harmonic trap is given by ε(N, T ) = (3/4)EF (N) +
(π2/2)(kBT )
2/EF (N). Using ε
(
N(t), T (t)
)
= ε(N0, T0),
where N0 is the initial number of atoms, and T0 is the
initial temperature of the gas, we obtain
T˜ (t) =
√
EF (N0)
EF (N(t))
T˜ 20 +
3
2π2
(
EF (N0)
EF (N(t))
− 1
)
. (9)
For a large system EF (N) ≃ ~ω(6N)
1/3, and N(t) ≃
N0 exp(−γbgt), hence
T˜ (t) =
√
eγbgt/3T˜ 20 + 3
(
eγbgt/3 − 1
)
/2π2. (10)
Fig. 3 presents the evolution of the temperature for a
rate γbg = 10 Hz, which is much larger than the typ-
ical experimental rates, and was employed to reduce
the amount of time-consuming numerical calculations.
Fig. 3 compares our numerical results, the predictions
of the analytical formula of [19] derived for a homoge-
neous system, and the data calculated from Eq. (9) with
EF (N) ≃ ~ω
(
(6N)1/3 − 2
)
, which is more appropriate
for a finite size system [22]. The analytic curve fits very
well to the numerical data. The small discrepancy for
larger temperatures originate from the fact, that the ex-
pression for the mean energy, which we use, is valid up
to order (T/TF )
2. From the plot, it is clearly seen that
the increase of the temperature in a trapped gas is much
slower that in the homogeneous case.
In conclusion, we have studied the laser cooling of
trapped two-component Fermi gases. Our method ex-
ploits the dynamical adjusting of the effective sponta-
neous emission rate in Raman cooling. Using Monte
Carlo simulations, we have shown that laser cooling is
able to cool the two-component Fermi system below
0.01 TF . We have also discussed the losses which may af-
fect the laser-cooled gas. In this context, we have shown
that our laser-cooling scheme can be employed to main-
tain a two-component Fermi gas at a fixed temperature
in the presence of background collisions, without signifi-
cant additional atom losses. Finally we have derived an
analytic formula for the temperature of a trapped Fermi
gas heated by background collisions. We have shown that
the heating rate is smaller than in the homogeneous case.
We acknowledge support from the Alexander von
Humboldt Stiftung, the Deutsche Forschungsgemein-
schaft, the RTN Cold Quantum gases, the ESF Program
BEC2000+, the Polish KBN Grant No. 5-P03B-103-20,
and the Russian Foundation for Fundamental Research.
[1] M. H. Anderson et al., Science 269, 198 (1995); K.B.
Davis et al., Phys. Rev. Lett. 75, 3969 (1995); C.C.
Bradley et al., ibid 75, 1687 (1995); 79, 1170 (1997).
[2] B. DeMarco and D. S. Jin, Science 285, 1703 (1999); F.
Schreck et al, Phys. Rev. Lett. 87, 080403 (2001); A.G.
Truscott et al., Science 291, 2570 (2001); Z. Hadzibabic
et al., Phys. Rev. Lett. 88, 160401 (2002); G. Roati et
al., ibid 89 150403 (2002), K. M. O’Hara et al., Science
269, 2179 (2002).
[3] See e.g. P. G. de Gennes, Superconductivity in metals and
alloys, W.A.Benjamin (1966).
[4] H.T.C. Stoof et al. Phys. Rev. Lett. 76, 10 (1996); M.
A. Baranov, Yu. Kagan, and M.Yu. Kagan, JETP Lett.
64, 301 (1996); M. Houbiers et al., Phys. Rev. A 56, 4864
(1997); G.M. Bruun et al., Eur. Phys. J. D 7, 433 (1999);
M.A. Baranov et al., Phys. Rev. A 66, 013606 (2002).
[5] M.J. Holland, B. DeMarco, and D.S. Jin, Phys. Rev. A
61, 053610 (2000).
[6] M. Holland et al., Phys. Rev. Lett. 87, 120406 (2001).
[7] W. Hofstetter et al., Phys. Rev. Lett. 89, 220407 (2002).
[8] Y. Castin, J. I. Cirac, and M. Lewenstein, Phys. Rev.
Lett. 80, 5305 (1998).
[9] S. Wolf, S.J. Oliver, and D.S. Weiss, Phys. Rev. Lett. 85,
4249 (2000).
[10] L. Santos and M. Lewenstein, Phys. Rev. A, 59, 613
(1999); ibid 60, 3851 (1999).
[11] Z. Idziaszek, L. Santos, and M. Lewenstein, Phys. Rev.
A 64, 051402 (2001).
[12] S.R. Granade et al., Phys. Rev. Lett. 88, 120405 (2002).
[13] Laser cooling of Mg is currently experimentally studied
by E. Rasel and W. Ertmer (private communication).
[14] C. Gardiner, Quantum Noise (Springer-Verlag, Berlin,
1991).
[15] H.J. Carmichael, Statistical Methods in Quantum Optics
1, (Springer-Verlag, Berlin, 1999).
[16] L. Santos and M. Lewenstein, Appl. Phys. B 69, 363
(1999).
[17] C. Gardiner and P. Zoller, Phys. Rev. A 55, 2902 (1997);
D. Jaksch, C. W. Gardiner and P. Zoller ibid 56, 575
(1997).
[18] Z. Idziaszek et al., quant-ph/0211060.
[19] E. Timmermans, Phys. Rev. Lett. 87, 240403 (2001).
[20] M. Machholm, P.S. Julienne, and K.-A. Suominen, Phys.
Rev. A 59, R4113 (1999).
[21] B. DeMarco et al., Phys. Rev. Lett. 82, 4208 (1999).
[22] Although Ref. [19] contains also the formula derived for
a harmonic trap, we have not included it in this compar-
ison, since in our opinion it contains an incorrect factor.
